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Abstract 

^ : We investigated tl>ermal leptogenesis scenarios in the left-right symmetric extension of the Stan- 

■ dard model. Imposing the D-parity realization below GUT scale and the grand unification make 

^ , our model more restrictive and predictive. In such a case, a D-parity odd singlet has a critical 

role. This singlet have prospects of causing a very large mass hierarchy between SU{2)L^Fi triplet 
scalars. 



. We test our model by computing baryogenesis via leptogenesis. Our model has two sources 

> : 

of the lepton number asymmetry in the universe, the heavy right-handed neutrinos Ni and the 

CN ■ SU{2)l triplet scalar Al. Leptogenesis scenarios can be categorized by these mass scales. If the 

(N : 

■ light neutrinos are Majorana and have a hierarchical mass spectrum, we can obtain a successful 

', result in leptogenesis through A^i -decay. But we found that the normal mass hierarchy of the 

Q^l light neutrinos can conflict with leptogenesis through A^-decay in the SM. In order to obtain the 



Oh! 



X 



successful thermal leptogenesis through A^-decay, we need to introduce more Higgs doublets. This 
result suggest the two Higgs doublet model with an SU{2)l triplet scalar. 
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I. INTRODUCTION 



The ^^(lO) gauge theory is a very attractive candidate of the grand unification. First 
feature is the unification of three gauge interactions. This feature can rewrite the Gell-Mann- 
Nishijima relation to Q = + Tjj + (5 — L)/2, i.e. the electric charge can be quantized 
and related to our classically familiar charges, the baryon number B and the lepton number 
L. Second fascinating feature is the matter unification. Differently from the SU (5) GUT, 
each quarks and leptons corresponds to a 5-bit eigenstate of Cartan subalgebra: 



j^eL = liii; Ti) , 


«L = liTT;Ti), 


4 = ITiT;Ti), 


< = ITTi;Ti), 


el = liii; it) , 




4 = ITiT;iT)> 


4 = ITTi;iT), 


^eL)^=ITTT;iT), 


-Kr = ITii;iT), 


-Kr = liTi;iT), 


-Kr = liiT;iT), 


e^ = |TTT;Ti), 


Kr = ITii;Ti), 


(4r=liTi;Ti), 


(4r = liiT;Ti), 



(1) 

here | and i in the kets denotes the eigenvalues of five generators of Cartan subalgebra: First 
three arrows for S0{6) ~ SU{4:)^, and last two for SO{A) ^ SU{2)lxSU{2)r. Consequently, 
by adding three right-handed neutrinos, we can obtain a economic picture of matter in the 
universe. 

Unfortunately, however, the GUT scale physics is often highly surpressed. Then we 
focus on the left-right symmetric extension of the standard model (SM) as the low-energy 
effective theory of the SO{10) theory. The left-right symmetric model (LR) ij] is one of 
the oldest extension of particle physics. Since the LR model, like the SO{10), naturally 
introduce right-handed neutrinos, and then it harmonize well with the recent evidences of 
the nonzero neutrino masses. Generally, this model requires the SU (2) triplet scalars in 
order to reproduce the tiny neutrino masses. These triplets could become a smoking-gun 
evidence of the LR model. The LR models in the literature have more free parameters and 
must be less predictive. We can obtain more restrictive scenarios by considering the LR 
with the D-parity and the grand unification. 

In order to approach the ultra high energy scale, we consider baryogenesis via leptogenesis 
in the universe j^. The WMAP collaboration showed the baryon-to-photon number ratio 
with high precision 

^CMB ^ !^ ^ !}b^ ^ ^ Q 25) X 10-10. (2) 



Also second determination of r]B can_be obtained from nucleosynthesis, i.e. abundances of 
the light elements, D, ^He, ^He, ^Li |4]: 

r^i^^ = (2.6-6.2) X 10-^°. (3) 

The full SO{10) GUT framework has been extensively studied j^. We analyze whether the 
observed values of rjB = (9(10~^°) can be reproduced in order to investigate our restrictive 
and minimal LR model. 

This paper is arranged as follows. In Sec. Ill At we briey review the LR extended model 
and setup our model. As remarked above, in order to make our model more restrictive and 
predictive, we impose the D-parity restoration and the some grand unication like <S'O(10). 
Here the GUT means that all the gauge couplings come together as one at high energy 
scale (Sec. Ill Bl) and the unification of the known quark and lepton fields (Sec. Ill CI) . Keep 
in mind that this GUT condition does not necessarily imply the SO {10) GUT. There we 
show that a hierarchical structure of the GUT scale and the D-parity restoration scale is 
essential. Sec. Ill CI provides the neutrino mass spectrum. We succeed in obtaining the 
hierarchical heavy neutrino spectrum by means of the normal hierarchy of light neutrinos 
and a few assumptions. We discuss baryogenesis via leptogenesis for some distinct scenarios 
in Sec. Iml 

II. MODELS 

A. Building more constrained models 

We consider the left-right symmetric breakdown of the grand unification. A simplest 
candidate of the grand unification of this type is SO{10) and their minimal sets of the Higgs 
multiplets are listed below: 

• GUT — > G3221 X D ( — > G3221) — ^ G321 

This requires a set of scalars 210, 126 © 126 and 10 of ^^(lO) group. An SU{4:)c 
adjoint representation (15, 1, 1) G 210 breaks <S'O(10). 

• GUT — > G422 X D ( — y G422) — ^ G3221 — ^ G321 

This scenario have a need for 54, 45, 126 © 126 and 10. An SU{4:)c adjoint repre- 
sentation (15, 1, 1) G 45 breaks 6*422- 
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GUT — > G422 X D ( — > — ^ — ^ Gs2i 

Although in this breaking chain an essential set of scalars is as same as the above, i.e. 



54, 45, 126 © 126 and 10, an SU{2)r adjoint representation (1, 1,3) G 45 partially 
breaks the right-handed isospin symmetry. 

here 6*3221, 6*422 and 6*321 denotes the LR gauge group S U {?>) c^-SU {2)1x811 {2) f-x U{1)b-l, 
the Pati-Salam (PS) group SU{A)cX SU{2)Ly< SU{2)r and the SM gauge group SU{3)cX 
SU{2)lX U{1)y respectively. And the numbers in the brakets denotes the PS quantum 
numbers. In order to obtain more predictive models we take the Michel's conjecture into 
consideration. Generally in 5(9(10) grand unification, quarks and leptons are asigned into 
three 16-dimensional spinor representations as listed in Eq. ([1]). And the gauge fields are in 
a 45-dimensional adjoint representation. 

It should be noted that the PS-singlet in 210 is axial under the D-parity, howver, the one 
in 54 is not. This difference occupies an important place in our model building. Furthermore, 
since first candidate have the least breaking steps, it would be expected to be the most 
constrained case. Then we consider the minimal LR model and use the GUT realization as 
a boundary condition at higher energy scale. As a result, we find that it is sure as expected. 
We show the details in the next subsection. 

B. Numerical ansatz 

At first, we show all required scalar representations underlined in the above: 

a=(l,l,l,0)G210, (4) 
A^ = (l,3,l,+2)= I ] €126, (5) 

\^ AO -A++/v^y 

, f A+/v^ A++ \ 
A^= l,l,3,+2 = ""^^ I ^^126, 6 

$ = (1,2,2,0)G10, (7) 

here we showed the 6*3221 quantum numbers. The bidoublet $ corresponds to the two Higgs 
doublets. Hereafter we denote the SM and the extra ones as H and H' respectively. This 
model is known as the minimal LR model with the spontaneously broken i^-parity. This 
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model is depicted as 



^3221 G3221 ^ G321 ^ QCD X QED, 



(8) 



and the required vev's are given by 



(Al) 






(9) 



Here we ignored the relative phase between ki and K2- Phenomenologically vr ^ ^ vl 
is required, where k+ is the standard electroweak breaking vev, = n\ + ti^. In this 
model, according to the extreme value analysis of the Higgs potential, we have the following 
relations 



vl 



and 
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' 2Mr]p 



Mi 



Mi 



fxl-{Mrip + -f4), 



(10) 

(11) 
(12) 



where each couplings are defined as follows 



V 3 Ma 

+ I3i 

+ /?3 



Tr AiAU -Tr ArA 



+ 7aHTr(A^An+Tr(A^Ai 



Tr f$Ai^$tA[ ) + Tr f^^A^^A 



/?2 



Tr ( <l>Ap<l"f a1 



^Tr (^<l>TAz.$A^t) +/?4 

I3ah ■ 



Tr (^^Ar^^AI 
Tr ( <lAp<I^Ai 



Tr (^I>^Al$A|j) 

f Tr (^•II'Al'IA^ 

(13a) 



/3l /?2 

And Tj-p denotes the vacuum expectation value of a field potential, which is defined by 



(13b) 



(14) 



The relation like Eq. (ITOl) is known as the vev seesaw mechanism [9]. We see that Eq. (ITTl) 
and ( |T2|) are not symmetric in spite of the left-right symmetric framework. This results 
from the fact that the scalar a is an axial under the D-parity. We ontain two important 

, the hugeness of the D-parity 
7|]. We numerically check this 



indications from these relations. First, according to Eq. ([TO] 
breaking scale r/p results in the smallness of the vev of A^ 



fact later. Second, let us consider Eq. (fTT!) and (fT2|) . If Mr]p and are at the same order, 
they are canceled each other and then we have ~ yU^. If such is the case, the squared 
mass of Al would be given by M"^^ — 2jrip. Hence it would be possible that the left-handed 
triplet Al is much lighter than the right-handed one A/j: 

Ml, « Ml^. (15) 

Below we take this possibility into account. 

Since it is absolutely imperative for leptogenesis to generate the lepton asymmetry, we are 
interested in when the SU{2)jiX U{1)b-l symmetry broke down. For this end we solve the 
two-loop renormalization equations for the gauge couplings. As remarked before, in order 
to obtain more restrictive models we impose two boundary conditions. First boundary 
condition is the restoration of the /^-parity. This means that above a high energy scale 
the SU{2)ji gauge coupling evolves along with the SU{2)l one. Second boundary condition 
is the grand unification, which is essential to refer to U (1) gauge groups. This constraint 
suggests that the hypercharge and B—L charge are normalized as follows: 

y-^y. v-^H^. (16) 

And then at the GUT scale, we have 

^^(Mgut) = aL(MGUT) = ^^(Mgut) = ^^(Mgut)- (17) 

Before showing the results, let us refer the numbers of the free input parameters. In this 
renormalization group analysis, we have four input parameters M^^, rriH' and Ma^. 
Here uih' denotes the mass of the second doublet Higgs, and the mixing angle 9r is defined 
byQ 

' cosOn sin 9r\ ( 5'°' 
-sin^H cos^h/ \Wl^ 
We assume that Ar lives in the same energy scale as Zr, and then we do not treat Ma^ as 
a free input parameter. At this stage the high-precision measurement of a2{My/) helps us 
a lot. Since the current observation error of the electroweak gauge coupling is very small, 
the allowed range of the mixing angle Or of the neutral SU{2)ji boson W'^ and U{1)b-l 
boson B'^ is extremely-narrow. Consequently, we can virtually determine cosOr uniquely, 
and then we can obtain a strong constraint on the Z"'(^ Z^) boson mass. In contrast with 




(18) 




102 10^ 106 108 lOlo 1012 1014 iQie 
Mass of Zr [GeV] 



Fig. 1: The allowed regions for the grand unifications. 

the usual left-right symmetric models, the consequence of this argument is that a set of 
three parameters (M^^, m///, Ma^) tells us unique values of the SU {2)lxU {\)b-l breaking 
scale vr, the D-parity scale r/p and the GUT scale Mqut- can be calculated from q;2(Q), 
ay(Q), Mzp, and Or through the Newton-Raphson-like method. Note that we can exclude 
the regions of Ma^ > M^^(= Ma^) and Ma^ < 100 [GeV]. The former comes from Eq. (ITSll . 
an the latter is concluded from the experimental facts. As a direct consequence of Eq. f|T5l) . 
two triplets and A/j do not mix each other. Then, note that the experimentally detected 
doubly-charged Higgs boson h^^ can be identified as pure A^"*". The dilepton detection 
puts the limits of the mass of a doubly-charged Higgs boson The decay modes of /x/i, 
ee and e/x bring the results of Mh++ > 136, 133, 115 [GeV] respectively. Also the long-lived 
doubly-charged Higgs search experiments result in M^++ > 134 [GeV] . Then we can exclude 
the latter region. 

Now we show the solutions of the renormalization equations in Fig. [H Here we assume 
rriH' to be 200GeV or M^^. We find that in either case 10^° < M^^ < lO^^ [q^v], on the 
other hand, we regret to find that our model setting occurs over a wide range of Ma^ . 
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Here let us describe with some illustrations. First we consider the heavier SU (2)l triplet. 
We start with Fig. [21 where we set ttih' = Mzj^ and Ma^ = 6 x 10^ [GeV]. In this case, the 
low-energy effective theory is the standard model (SM). Fig. [2] tells us that vr = 8.3 x 10^ 
[GeV] and rjp > 10^^ [GeV]. Next we refer to Fig. [31 which can be obtained by rriH' = 200 
[GeV] and Ma^ = 1.0 x 10^° [GeV]. This case leads the two Higgs doublet model (2HDM) 
at the low energy scale. We obtain vr = 1.9 x 10^° [GeV] and rjp > lO"*^"^ [GeV]. These two 
parametrizations locate close to the upper ends of Fig. [H 

Next we consider the cases of the lighter triplet. These are located close to the lower 
ends of Fig. [H First, we show the case of niH' = Mzj^ and Ma^ = 100 [GeV] in Fig. [H We 
obtain vr = 2.6 x 10"*^^ [GeV] and r^p > 10^^ [GeV]. And then at the low energy scale, we 
have the SM with an SU (2)^ triplet. Last, let us consider that both H' and live near the 
electroweak scale. We show the case of rriH' = 200 [GeV] and Ma^ = 100 [GeV] in Fig. [51 
We obtain vr = 1.3 x 10^^ [GeV] and r]p > lO^'^ [GeV], and we find that the low-energy 
theory becomes the 2HDM with an SU{2)l triplet. 

Now we give an important comment on these results. The commonly-observed feature 
is that the computed L'-parity breaking scales r^p's are much higher than the obtained 
SU{2) X U{1)b~^l breaking scales f^'s. We find that tip/vrs are larger than (9(10) at the 
lowest estimate. This is mainly attributable to the mass threshold effects at vr. Substituting 
this observation to Eq. f[TO|) gives the small value of vl- We use this argument later. Then we 
can deal with the obtained calculations as guidelines of considering leptogenesis scenarios. 



C. Neutrino mass spectrum 



Before solving the sets of Boltzmann equations for leptogenesis, we need the information 
on the neutrino mass spectrum. Generally the leptonic Yukawa coupling is given by 



Yukawa 



YijiLiiRj<l> + Y,jiLiiRj<^ + h.c 



h.c 



(19) 



The left-right stmmetry shows us that the Dirac- Yukawa coupling Y and Y and the 
Majorana- Yukawa coupling Ya are hermitian and symmetric in family space respectively: 



Y 



Y^^j, Yij = Y^- and Yaij = ^Ajj- The symmetry breaking ^ results in the mass matrix 
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Fig. 2: SM. Fig. 3: 2HDM. 

rriH' = Mz^ and Ma^ = 6.0 x 10^ [GeV]. m^' = 200 [GeV] and Ma^ = 1.0x10^° [GeV]. 
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10^ 10* 10^ 10^ 10^" 10^^ 10^* 10'^ 10^' 10^° 
Energy scale [GeV] 

Fig. 4: SM with an SV{2)l triplet. 
rriH' = Mzj, and Ma^ = 100 [GeV]. 




10^ 10'' 10° lO'' 10^" 10^^ 10^* 10'° 10'° ID' 
Energy scale [GeV] 

Fig. 5: 2HDM with an SU{2)l triplet. 
= 200 [GeV] and Ma^ = 100 [GeV]. 



of the light neutrinos to be 



Mr-' 



vr 



(20) 



The generation of the mass suppressed by huge Mr is called as type-I seesaw mechanism [? 
], while the mass originated from tiny is the type-II seesaw mass. As remarked in the 
last subsection, in all cases we find that rjp/vR > (9(10). This result rationalize assuming 
the hierarchical structure of vl <^ max(/ti,K2) vr rjp (see Eq. flTIl ). Let us consider 
that the type-I mass dominates in the effective neutrino mass matrix fl20l) : 



~ ml = -Mj^Mr-'Mg'^. 
The light neutrino mass matrix m^y can be written as 

= Wmf'^^U^ 
9 



(21) 



(22) 



where U denotes the hght neutrino mixing matrix, which is given by f/ = f/pMNS-P: 



U 



Uf^i U^2 U^'i 

Url Ur2 Ur3 



( 



C12C13 



'S12C13 



~'5l2C23 — Ci2Si3S23e*'^ C12C23 — 512513^236*'^ 



Si3e 
C13523 



S12S23 - Ci2Si3C23e -C12S23 

P = diag(e*",e^^l), 



Sl2Sl3C23e C13C23 



(23) 



(24) 



here we used the notation of C12 = cos 6^12, S12 = sin 6*12 and so on. We identify and 6'atm 
as 6'i2 and 6*23 respectively. And then we substitute the following neutrino oscillation data 
into t/pMNs: 



7.9 ±0.3 
(7.1-8.9) 

9 p;+0.20 
-^•^-0.25 

(1.9-3.2) 



X 10" 



X 10" 



Sin^ dr: 



0.30 



+0.02 

-0.25 







Sin^ 6'atm 



(0.24-0.40) 
(0.38-0.64)' 



(25) 
(26) 



where the lower values are 95% confidence intervals. Below, we concentrate the normal 
hierarchical mass spectrum of the light neutrinos, i.e. m\ <^ m2 -C 7713. Thus we identify 
Am^Q and |Z\m^^jjj| as — and m| — — mg — vn\ respectively. And the worldwide 
reactor neutrino oscillation experiments gives the following observations: 



sin^ 6*13 < { 



0.027(0.048) CHOOZ + atm. + LBL, 
0.033(0.071) solar + KamLAND, 
0.020(0.041) 3-z/ global data. 



(27) 



here, the values in parentheses are 95% upper confidence limits. Although we have five input 
parameters, (mi, ^13, 5, a, /5), the lightest mass eigenvalue mi and the reactor neutrino angle 
6'i3 are highly constrained. Hereafter we assume that ^13 = 0.02. Then we have three free 
input parameters (5, a,/3), which are all CP- violating phases. 

In order to obtain the neutrino mass spectrum from these experimantal data, we require 
one more assumption. Then we use the up-down unification relation, i.e. the neutrino mass 
Dirac mass matrix 



Hi 



Mr 



nib 



Mf 



TJlb 



diag(me, m^,, rrir) 



(28) 
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here we use the basis where the charged lepton mass matrix is diagonal and real-valued. 
The GUT realization supports this assumption: the leptons belong to some large representa- 
tion of the GUT group with the quarks. Thus, it seems to be natural that the lepton Dirac 
mass spectrum is proportional to the quark Dirac mass spectrum. Conbining the above 
considerations, we obtain 



R 



mr 



mt 



Mem^-^Mi 



( 



me 



m, 



V 



m. 



( 



UpMNsP'^ 



mi 



m2 



PMNS 



me 



m. 



V 



m. 



(29) 
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This gives us the mass eigenvalues and phases = |Mj| e*"^*/^ (i = 1, 2, 3). When we assume 
the Dirac and Majorana CP-phases 5, a and /?tobe(5 = Q; = '7r/2 and /3 = vr, we obtain 
the following values for 0.0001 < mi < 3 [eV]: 

1.70 X 10^ < Ml < 1.55 X 10i°[GeV], 

3.52 X 10^° < M2 < 1.96 X 10^2 [GeV], (30) 
2.03 X 10^^ < M3 < 5.25 X 10^^[GeV]. 
According to [l^, we have two choices: 

1. Before starting the leptogenesis mechanism, there would exist no initial A'^i-abundance. 
In case of the hierarchical neutrino mass spectrum mi -C m2 <C mg, as we consider 
now. Ml > 2.4 X 10^ [GeV] is requred. 

2. If the GUT interactions progress rapidly enough, A'^i is in thermal equilibrium at that 
temperature region. Then, Mi > 4.9 x 10^ [GeV] is compatible with the hierarchical 
neutrino mass spectrum. 

Summarizing these two constraints, in the following we consider 4.9 x 10® < Mi < 1.55 x 10^° 
[GeV]. At last, we are ready to compute the generation of the net lepton and baryon numbers. 



III. THERMAL LEPTOGENESIS 



Our framework provides two sources of lepton asymmetry, i.e. the lighest heavy neutrino 
A''i and the SU{2)l triplet scalar reperesentation A^,. The produced CP-asymmetries are 
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N. 



k 



K' 




h 



It 

Fig. 6: Right-handed neutrinos decay contribution diagrams. 



defined as [1 



r{Nj iih) - r{Nj iih) 



r{AL- 



Uh) + r{Nj 



r{AL^iiij)+r{AL- 

here the symbol h denotes the SM Higgs doublet H or H\ ^ 

First, let us consider the A^-decaying contribution e^v 113|]. This can be computed as 



(31) 
(32) 



Stt ^ 



lk\ 



(Y^Y) 



f{Xk), f{x) 



X < 1 - (1 + x) In 1 + - 



X 



X 



where Xk = M^/Mj. We can replace the Yukawa couplings by the mass matrix: 

1 



J2MiMB^Mn)jk?f{xk). 



(33) 



(34) 



As remarked in the previous section, the heavy neutrino mass spectrum is hierarchical. This 
suggests that while the heavier N2 and are decaying, the lightest A^^i is still in equilibrium. 
In other words, the lepton number asymmetry generated by N2 and A^s-decaying processes 
should be erased by the lepton number violating scatterings according to the presence of 
A^^i. Then we find that only the A'^i-decaying processes are dominant in the asymmetry eN '- 



167r4(MD^MD)ii 



5^Im[(MDtMD)L]^' 



fc=2,3 



(35) 



Next, we consider the A^,-decay including the virtual as tipified by Fig. [T) 



k,l 



lm[Y*Y*YAi,Pvi,] 



Mj{Y^Y) 



g{Xj 



Ml ( Mf 
1 - -r^ In 1 + ' 



M] 



Ml 



(36) 



Substituting the couplings for mass matrices, we find 

1 



2Tivi^Mj[M^'^M^^ 



5^Im[(MD)r,.(MD)^/mii),fc/5t;^]^^(a;,). 



(37) 



33 k,i 
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Fig. 7: Additional one-loop contribution to right-handed neutrinos decay. 



h A 
/ 

h ^ 



k 



Fig. 8: Left-handed triplet scalar decay contribution diagrams. 

Our last task is computing the A^^-decaying contribution such as Fig. [HI This is given by 

Ml 



1 ST,, E,,ImK;i^;/3*t;«lAd 

= — 2^ Mfc 



Svr 



In 1 + 



Ml 



(38) 



A. SM-type scenario 

At first we consider the parametrization showed in Fig. [21 where = 6 x 10^ [GeV]. 
This parametrization requires a huge mass hierarchy in doublet Higgs sector: uih <^ rnu'- 
If we employ the smallest value of Mi from Eq. ([30ll . we find that lept on asymmetry is 
effectively generated in the temperature range of 



100 [GeV] ~ Tew < < M^. 



(39) 



According to Fig. [2], the surviving gauge symmetry in this region is the SM one. Then in 
addition to the Sphaleron processes, all the interactions in the ordinary SM are in thermal 
equilibrium. These in-equilibrium interactions interrelate each chemical potentials of the 
particles. Furthermore since the universe has to be neutral, then the conserved charges, i.e. 
the third component of the left-handed isospin J| and the hypercharge Y are to be zero 
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respectively. /| and Y are given by 

II = ( ~ + ^^^4 ~ ^4) ) + - /^/lO + 4/iTy+ , (40) 

I. i Vcolor / 
i (. color ^ 



6 



(41) 

In the temerature region (l39i) . since the SU{2)i gauge interactions of up- type quarks are in 
thermal equilibrium, all u\ are mixed enough. Therefore we can not distinguish the chemical 
potentials of up-type quarks. Then we have = /i^i^ {i = 1, 2, 3). Similarly we can ignore 
the generation index of down-type quarks, then we obtain /i^^ = /i^^^ {i = 1,2,3). The in- 
equilibrium Yukawa interactions lead = and /x^^ = fi^^ {i = 1,2,3). The same can 
be said for the lepton sector, we obtain ft^, = n^x^, fx^L = f^ei l^en = /^e^- Consequently 
we find /i^ = fiwo = = 0. Since SU{2)lX U{1)y gauge interactions are in thermal 
equilibrium, this is exactly what we expected. And we obtain the well-known formula 

B = ^{B-L) = ~—L. (42) 
79^ ^ 51 ^ ^ 

Since Mi < Ma, using Eq. (ITOl) . we can werite Eq. (!37j) : 

^ ' 87rK4Mi(MDWD)ii ^ 

Here we consider that the dominant CP-asymmetry comes from the A'^i-decay, i.e. e ~ 
e^i- Then the net lepton number is produced by ordinary A'^i-decaying process and the 
lepton number violating scattering. This situation has been extensively studied Q. The 
Boltzmann equation (BE) for A'^i-abundance is written as 

~ ^"^"^^^ ^Y,,-Y^), (44) 



dz ~H{z = l)V"' 
where Y^-^ = g^n^-^/s and Y^ = g^rf^^/ s. Here we use a dimensionless evolution parameter 
z = Mi/T. And (rArj)(z), H{z) and Y^^{z) are the Maxwell-Boltzmann averaged total decay 
rate of A^^i, the Hubble parameter and the equilibrium yield variable of a particle spieces i 
respectively. The net lepton number density rti = np — rij evolves as 

dYL _ ^ {Tn,)z (y ^cq\ 

12C(3) JTV)^/ ^ ~ X / vr^ (TV)^ 45 2C(3) ^ ^^^^ 
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where Yl is defined by (^^/e ■ til/s. And (cr' \v\) denotes the thermal averaged cross section 
of the AL = 2 scatterings in the thermal bath. Furthermore since H always appears with 
a lepton i, the BE for the net Higgs number density nhi = uh — n-jj is identical to that for 
riL. 

Now we consider the lepton symmetric universe with no doublet: ni{z — > 0) = nhi{z — >■ 
0) = 0. For example, in order to obtain successful baryogenesis we take mi ~ 0.0020197 
[eV], ma = 0.0086557 [eV], mg = 0.049245 [eV]. Then this choice gives 

Ml = 3.6892 X 10^[GeV], Ma = 1.0103 x 10^°[GeV], M3 = 1.2725 x 10^^[GeV]. (46) 

and |e^J ~ 1.2135 x 10"^ Then we find r]B = 5.8556 x 10"^° (see Fig. [9]). In Fig.[9]the red 
and the green curves represent for Y^{z) and Yfyfj^{z) respectively. The abundance of B—L 
changes it own sign during leptogenesis, then IIb-lI (z) is plotted with a blue curve. This 
value of Ml is lower than the lower bound in case of no initial A'^i-abundance. 

Next, we assume that A^^i have already been in equilibrium ai z 0. The mass spectrum 
( 146|) gives rjB = 5.8561 x 10^^°. Mi in Eq. ( H6|) is near the lowest value in the case of the 
initially thermal A'^i-abundance. We show the time-evolution in Fig. [101 




Fig. 9: Evolution of Y^^^z), Y^^^z) and Fig. 10: Evolution of Yn^{z), Yp^{z) and 
Yb-l{z) without initial A''i-abundance. Yb-l{z) with initial Ni at equilibrium. 



B. 2HDM-type scenario 

Now let us expand our discussion one step further. Then we consider the parametrization 
showed in Fig.[3l where M^^ = 1.0 x 10^° [GeV]. Differently from the previous case, we need 

15 



no fine-tuning in mass spectrum of doublets. Since Mi < M/\^, tlie tlie lepton asymmetry 
is produced in tlie range of 

100 [GeV] ~ Tew < T™ < Mi. (47) 

Since in addition to the SM the extra Dirac- Yukawa interactions are also in thermal equilib- 
rium, the baryon conversion ratio is modified a little. The second Higgs doublet H' behaves 
like a copy of H in terms of chemical potential. Then ignoring the family index same as 
before, we can replace Eq. (HOl) and fHT]) by 



3 _ 9lT' 
^" 6 



I. i \color / 



6 



. i (. color 




resspectively. Using these equations, we obtain 



8 



Since the doublet Higgs bosons do not have B—L charges, we find that the baryon convertion 
factor C^p™ = 8/23 ~ 0.348 is about as same as Cf^ = 28/79 - 0.354. 

This parametrization leads that the expected CP-asymmetry is double the previous SM 
case ( l35l) . Therefore this fact relaxes the constraint on mi for successful leptogenesis. Since 
H' behaves as a copy of H, we can introduce Y$ = Yhi + Yh2 = 2F/ii, where Yh2 denotes the 
net second Higgs number yield variable: Yh2 = {uh'* —nH')/s. For example, let us consider 
mi = 10"^ [eV]. We show the results in Fig. [TT]and[T2l We obtain 7]b = 9.5634 x 10~^ and 
1.6560 X 10~^ respectively. 



C. Leptogenesis through A^^-decaying process 

In the following, let us consider the case where the dominant CP-asymmetry comes from 
A^^-decay, i.e. e ~ eA. And we consider the type-I seesaw mechanism ([21]). The case of the 



type-II has been studied in [15|. We can imagine this case if ^ Mi. As we showed 
before. Fig. [1] shows that the mass of does not affect whether the gauge unification would 
come true. Let us assume the SM with a sufficiently light triplet (SM+A), M^^ ~ 0{Mw). 
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0.01 0.1 1 10 100 0.01 0.1 1 10 100 

z z 

Fig. 11: Evolution of Y;s!^[z), Y'^^{z) and Fig. 12: Evolution of Y]^^{z), Y'^^{z) and 
Yb-l{z) without initial iVi-abundance. Yb-l{z) with initial Ni at equilibrium. 

Fig. [Hallows Al to live in the electroweak scale, while the hierarchical relation rriH rriH' 
requires a fine-tuning. In the region of T > Ma^ , the following interactions are in thermal 
equilibrium \v\: 

(a) Gauge interactions of triplets. 

Aj^- + Al^W£, /iA++ 



(51a) 
(51b) 



(b) Majorana- Yukawa couplings of leptons. 

A° + u-', jj^o = — 2/ij,, (52a) 

Al + eZ^, /iA+ = -/iz. - /ie^, (52b) 

^ eZ' + eZ\ i^a++ = -2Aiei, (52c) 



(c) Cubic interactions between two doublets and a triplet. 

A° ^ + /xao = 2fXho, (53a) 

^ /i° + /iA+ = /i/io + (53b) 

A^+^/i+ + /i+, f^^++=2fih+, (53c) 
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Note that the above interactions violate the lepton number exphcitly. The interaction (c) 
prevents a dangerous Majoron. This is motivated by astrophysical reason and total 
width data at LEP. And the neutralness under the SU{2)i and U{1)y gauge symmetries 
are guaranteed by 



i \color 

= y oc ^ <^ ^ + ^^dO + ^^^u 

i K. color ^ 
+ 4(/iA0 + /iA+ + A^A^ 

As a result, we obtain 



(54) 



20^ ' 9 



(55) 



(56) 



Unlike the previous values, this convertion factor Q^j^^^ = 11/20 = 0.55 is relatively large. 
The nonzero B—L charge of Aj;^ causes this result. 

If the second doublet H' also has an electroweak scale mass, the effective theory becomes 
the 2HDM with a light triplet (2HDM+A). This configuration requires no fine-tuning mn 
and mu'- In this case we obtain the followiing relation between B and L in the range of 
T>Ma^: 

16 16 
B = —iB - L) = -—L. (57) 
43^ ^ 27 ^ ' 



This relation can be obtained by using the following equations in addition to (a) , (b) and 



(d) Cubic interactions between two second doublets and a triplet. 







+ h'\ 


//AO 


= 2HhfO, 


A^- 






/iA+ 




Ar- 




+ h'+, 


yWA++ 





(58a) 
(58b) 
(58c) 
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And the global neutralness conditions are given by 



i \color / 



(59) 



i K. color ^ 



+ 4(//A0 + A«A+ + /^A++ ) ■ (60) 

We find that the baryon convertion rate C^^™^^^^ is also about as same as Cfp^. 

As is leptogenesis through A^i-decay, needs to decouple from thermal bath at high 
temperature. This decoupling condition is given by {Tai^)t=Ma^ ^ H{T — Ma^). Before 
solving the EE's, let us investigate this condition by order estimation. The tree level total 
decay rate of the triplet scalar A^, is given by 

(rAjT=M., - K,{J = M^,) Stt l^^^^l + m£ ) ' ^^^^ 

and the Hubble parameter at temperature T can be written as 



where Mp = l.22yiW^ [GeV]. If Eij I^A^iT > Ea.J/^afel' ^Mi^ and (3ab = 0{l), the 
decoupling condition and our RG-analysis suggests that Ma^ is larger than at least 6.60x10^^ 
GeV (the SM+A) or 1.24x10^2 q^v (the 2HDM+A). This clearly conflicts with Ma^ < 
Ml. Consequently we consider that the term proportional to v\/M\^ gives a dominant 
contribution, then we have 

(i a^)t=Ma, ^ „ _ , , , , ■ (63) 



This means that 



then we obtain 



ii:2(r = MAj87rMA^' 



Ma, < 4/A^3. (64) 

Our RG-analysis suggests that 100 [GeV] < Ma, < 0(10^-^°) [GeV] for the SM+A and 
100 [GeV] < Ma, < 0(10^^-^"^) [GeV] for the 2HDM+A. Here lets us estimate the con- 
sistency of the above relation and our model. In addition to the decoupling of Ai,, at 
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temperature T = Ma^ W-boson also has to be out-of-equilibrium. This gives another de- 
couphng condition {Tw)t=m^^ < H{T = MaJ. According to [z], we have Ma^ > 4.8x10^° 
[GeV]. Then it can be summarized as follows: 

Ma^ = 0(10^°) [GeV] for the SM+A, (65a) 

Ma^ = C(10^°"^^) [GeV] for the 2HDM+A. (65b) 

Eq. fl65ap is a apparently strong constraint. However, when we feed this and vr = O{10^) 
[GeV] to Eq. ([MD, we obtain M3 < 0(10®) [GeV]. This upper bound of M3 conflicts with the 
hierarchical spectrum ( !30l) . Therefore we can conclude that leptogenesis through A^-decay 
process is impossible in the case of the hierarchical neutrino mass spectrum in the SM+A. 
While in the 2HDM+A Eq. (]65bp is consistent with the hierarchical spectrum fl30l) . In this 
case, we can obtain the suncessful value of rjB if mi <^ 10^^ [eV]. 



IV. CONCLUSION AND FUTURE ISSUES 



We found that the allowed region in the [Mzj^, M^^^) parameter space is highly con- 
strained in our model. This time, we focused on the nonsupersymmetric versions, and 
studied two specific cases, Ma^ = 200 [GeV] and Ma^ = Mzj^ ~ M^^. As a result, we 
found that thermal A^i-leptogenesis scenario is successful in both the SM and the 2HDM. 
In addition, we found that thermal A^-leptogenesis scenario accord with the hierarchical 
neutrino spectrum only in the 2IIDM+A, While thermal leptogenesis through A^^-decay is 
incompatible with the hierarchical neutrinos in the SM. Here, it should be kept in mind that 
though we can build the more constrained models by the numerical analysis of RGE's we 
have no guide principle for O(Ma^). We achieved our original target of building constrained 
LR models. 

Our next step is to investigate under the framework of the finite-temperature field theory. 
In the literature, thermal leptogenesis scenarios are computed by the usual zero-temperature 
field theory. By including the thermal corrections we can discuss truely "thermal" leptoge- 
nesis processes. In [18.] the thermal A'l-leptogenesis in the SM and the MSSM is analysed 
using the finite-temperature field theory. We are now recomtuting our models using the 
Keldysh (real time) formalism 18|, ll9|. This approach can make more faithful predictions 
about not only leptogenesis scenatios but also the doublet Higgs sector. The above approach 
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can be applied to the PS models and the SO (10) GUT models. While the other approach 
is to introduce the supersymmetry. Although the supersymmetric extension of LR mod- 



els (LRSUSY) [20| are compatible with i?-parity conservation, unfortunately the LRSUSY 
models have many parameters, especially the soft breaking couplings make it difficult to pre- 
dictive discussions. Furthermore, supersymmetry provides a new candidate of leptogenesis, 
i.e. Affleck-Dine leptogenesis. We are also interested in the competition between thermal 



leptogenesis [21'] and Affleck-Dine leptogenesis [23] in the LRSUSY models. Even if one 
could generate enough baryon asymmetry, the gravitino and reheating problems 22] remain 
to be solved. We think our study as the first step in developping predictive models. These 
bottom-up approaches could give suggestive information on the Majorana couplings and the 
scalar four-point couplings. 
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